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Binding of Ethidium Bromide to Double-Stranded

Ribonucleic Acidt

R. J. Douthart,* J. P. Burnett, F. W, Beasley, and B. H. Frank

ABSTRACT: The interaction of ethidium bromide with double-
stranded RNA (Penicillium chrysogenwm) has been investi-
gated using spectroscopic, spectropolarimetric, hydrody-
namic, and thermal melting techniques. The binding isotherms
(Scatchard plots) are dependent on ionic strength. The ap-
parent binding constants and number of binding sites are
quite similar to those found for DNA under similar condi-
tions (Waring, M. J. (1965a), J. Mol. Biol. 13, 269). Hydro-
dynamic studies of the dye-RNA compiex show a 53% in-
crease in its viscosity increment, a 1397 decrease in its relative
sedimentation coefficient, and a decrease in its buoyant den-

Ethidium bromide is a dye which has been widely used in
nucleic acid binding studies. As a drug, it has trypanocidal,
antibacterial, and antiviral activities (Dickenson et al., 1953,
Newton, 1964). The dye inhibits DNA polymerase (Elliott,
1963) and DNA-dependent RNA polymerase (Waring, 1964).
In vitro the dye binds to both RNA and DNA (Waring, 1965a).

Two main modes of binding to native DNA have been sug-
gested based on the results of spectral and hydrodynamic
studies. The primary and generally stronger mode of binding
has been interpreted as “intercalation” where a part of the
ethidium jon sandwiches between adjacent base pairs. Spec-
tral shifts in the 480-mu absorption band of the dye (Waring,
1965a) together with a decrease in sedimentation coefficient
(LePecq and Paoletti, 1967) and an increase in viscosity
(LePecq, 1965) with extent of binding occurs on formation of
the complex. The hydrodynamic changes, indicative of
lengthening of the DNA polymer, support the intercalation
hypothesis. A decrease in buoyant density upon binding of the
dye to DNA has also been observed (LePecq and Paoletti,
1967).

Hydrodynamic changes also occur in closed circular
DNA in the presence of ethidium bromide. These changes can
be related to changes in superhelical density due to inter-
calation (Crawford and Waring, 1967; Bauer and Vinograd,
1968). Recent electron microscopic studies show a 277 in-
crease in molecular length for a linear DN A—ethidium bromide

t From the Lilly Research Laboratories, Eli Lilly and Company,
Indianapolis, Indiana 46206, Received July 3, 1972.
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sity in Cs,SO, as compared to RNA alone. Thermal melting
studies show a marked increase in the T,, (AT = 26°). Vis-
iblJe-region circular dichroic bands are induced when the dye
is bound to RNA. These effects are also very similar to the re-
sults of studies on ethidium bromide~DNA complexes (Dal-
gleish, D. G., Peacoche, A. R., Fey, G., and Harvey, C. (1971),
Biopolymers 10, 1853; LePecq, J. B., and Paoletti, C. (1967),
J. Mol. Biol. 27, 87). Our data appear to indicate two modes of
binding of the dye to RNA which are consistent with electro-
static and intercalative interactions.

complex and a relief of superhelical twisting in closed circular
DNA in the presence of ethidium bromide (Freifelder, 1971).

The seconid and generally weaker mode of binding is most
evident at low salt and high ethidium bromide concentration.
This mode is thought to be an electrostatic interaction be-
tween the phosphate groups in the double-stranded nucleic
acid backbone and the dye molecules.

The same types of spectral effects have been observed when
ethidium bromide binds to RNA. A number of RNAs of ill-
defined secondary and tertiary structure have been studied in-
cluding ribosomal (Waring, 19634). “core™ (Waring, 1965b)
and tRNA (Bittman, 1969). LePecq and Puoletti (1967)
postulated intercalative binding of ethidium bromide prefer-
entially to helical regions in RNA. Waring (1965b) using
spectral techniques studied binding of the dye to a group of
synthetic polynucleotides. He was able to establish a relation-
ship between the degree of secondary (helical) structure and
the strength of primary binding. In these spectral studies on
RNA and RNA-like polynucleotides, primary binding is con-
sidered synonymous with intercalation. However, this pro-
posal must be viewed with some reservation since there is no
supporting hydrodynamic evidence for these systems and the
spectral effects in themselves are not sufficient to define a
mode of binding.

In the present study the interaction of ethidium bromide
with native double-stranded RNA (ds-RNA),! having sec-
ondary and tertiary structural characteristics and hydro-

! Abbreviation used is: ds-RNA, double-stranded RNA.
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dynamic behavior similar to native DNA, was examined using
both spectral and hydrodynamic techniques.

Materials and Methods

Purification of Penicillium chrysogenum Mycophage and
Isolation of Its ds-RNA. The details of the growth conditions
and purification of the mycophage will appear elsewhere
(Nash er al., 1973). Final purification of the mycophage was
by isopycnic banding in sucrose, followed by isopycnic
banding in CsCl. The banding densities were 1.20 in sucrose
and 1.38 in CsCl. The ds-RNA was removed from purified
mycophage by extraction with freshly distilled phenol which
had been equilibrated with 0.05 M NaCl-10-2% M Tris-10-3 M
EDTA (pH 7) buffer prior to use. Excess phenol was removed
by dialysis against the same buffer. After removal of phenol,
samples were dialyzed against 0.1-0.001 M sodium cacodylate
buffer (pH 7). Cacodylate buffers were prepared by titrating a
1.0 N standard NaOH solution (Fisher Scientific Co.) with a
1.0 M cacodylic acid solution to pH 7 and dilution to a de-
sired Na* concentration. Monovalent and divalent ion con-
centrations were monitored by atomic absorption using a
Perkin-Elmer 303 atomic absorption spectrometer. When
more concentrated RNA (OD»gy >2.00) was desired, concen-
tration of the ds-RNA was achieved by dialysis against dry
sucrose. Sucrose was then removed from the ds-RNA by ex-
haustive dialysis against an appropriate buffer.

Ethidium bromide was obtained from Sigma Chemical
Corp., Inc., and Gallard-Schlesinger Chemicals. The purity of
the dye was determined using the method described by
Kreishman ef al. (1971). A small amount of impurity (~5%)
was removed by recrystallization of the dye from methanol.
The crystalline dye had 1 mol of methanol/mol of dye as
determined by nuclear magnetic resonance (nmr) and ele-
mental analysis.

Spectrophotometric and Spectropolarimerric Studies. The
circular dichroic (CD) spectra were recorded on a Cary-60
spectropolarimeter equipped with a Model 6002 CD unit.
The sample chamber was thermostatted at 26°. The measured
CD is expressed as ellipticity, 6, and refers to the actual meas-
ured readings of the sample solution. The mean molar residue
ellipticities, [f], were calculated on a gram-atom of phos-
phorus concentration basis.

The absorption spectra were recorded on a Cary-14R spec-
trophotometer equipped with a thermostatted cell holder. All
binding studies were performed at 25°.

Preliminary binding studies were done at constant total
ethidium bromide concentration in the manner described by
Waring (1965a). However, the quantitative results reported in
this puper displayed in Figure 2, were obtained using a pro-
cedure quite similar to that described by Miller and Crothers
(1968). In this procedure, the total RNA concentration was
kept essentially constant by adding very small volumes of
concentrated dye solutions to stock ds-RNA solutions in the
cuvette in the spectrophotometer. The amount of dye added
was calculated from the optical density at the isosbestic point
(510 my) of the free and bound dye using ¢ = 4.11 X 103 The
amount of bound dye was calculated using eq 1, where Cg is

A A
e Cr — Al
S S @

€F — €B

Cg =

the concentration of bound dye, Cr is the total amount of
ethidium bromide present, / is the cell path length, 4* is the
observed optical density at wavelength ), und ez® and ez are

TABLE I: Extinction Coefficients of Ethidium Bromide.

mguy €free €hound
465 5210 2110
480 5700 2950
510 4110 4110
530 2200 3720

the extinction coefficients for the free and bound dye, respec-
tively. Cp and Cr values were calculated using the optical den-
sities at 465, 480, and 530 mu. The Cp and Cr values cal-
culated at these wavelengths agreed to within experimental
error. The extinction coefficients for the bound form of the
dye were obtained from solutions where the dye to ds-RNA
phosphorus ratios were between 1-3500 and 1-100. Under
these conditions all of the dye present was assumed to be
bound. The values of ¢ were the same in each of the buffer
systems used in the present study. The extinction coefficients
for free and bound dye are summarized in Table I. ds-RNA
concentrations were determined using the optical density at
258 my and an e, of 7200. The ¢, value was determined by
concurrent optical density determinations and phosphorus
analyses on a series of ds-RNA stock solutions.

The binding studies displayed in Figure 2 were done at
ds-RNA phosphorus concentrations ranging from 6 X 10~
to 8 X 1075 M in both 0.01 and 0.10 M sodium cacodylate
buffer systems in a 1.0 cm cell. The concentration of ds-RNA
phosphorus used in the 0.001 M sodium cacodylate buffer
system was 6 X 1075 M, The spectral data were analyzed using
the Scatchard (1949) relationship

L = Kup(Bap — 1) (@)
m

where r is the dye bound per ds-RNA phosphorus, m is the
concentration of free dye, and B,, and K,, are, respectively,
the apparent number of binding sites and the apparent
binding constant, both determined from a plot of r/m vs r.

Analytical Ultracentrifugation. Sedimentation studies were
performed on a Beckman Model E analytical ultracentrifuge
equipped with an ultraviolet scanner system. Three sample
cells were run simultaneously in an AN-F rotor; one cell con-
tained the stock nucleic acid with no dye, while each of the
other cells had different dye concentrations and the same
stock nucleic acid solution. The experiments were done at 20°
with a rotor speed of 40,000 rpm.

Buoyant densities were determined by equilibrium banding
in Cs:SO,. The samples each had 5.6 X 107¢ mol of RNA
phosphorus/ml of Cs,SO, solution and varying amounts of
ethidium bromide. The studies were done in an AN-F rotor at
44,000 rpm and at 25°. Equilibrium was attained after 24 hr
and data were recorded after about 26 hr. The initial density
of the Cs,SO, solutions were calculated from the relationship
(Ludlum and Warner, 1965), §2° = 13.69867% — 173233
The refractive indices (2°) were measured with a Bausch and
Lomb Abbe refractometer. The density at the band center
was calculated by the direct method of Vinograd and Hearst
(1962) using 3 values from Ludlum and Warner (1965).

Viscosity. Viscosities were measured using a Cannon Ub-
belohde, semimicro dilution viscometer at 20°. The shear
stress for this viscometer under the conditions of these ex-

BIOCHEMISTRY, voL. 12, No. 2, 1973 215



DOUTHART et al.

0.7 5

0.6

X7

0.54

S 0.4

(3 ROCY

0.3

0.2+

0.14

"m0 40 520 560 800
A (mp}

360 400

FIGURE ]: Binding of ethidium bromide to ds-RNA at constant
ethidium bromide concentration. Spectra of ethidium bromide ds-
RNA system at a total ethidium bromide concentration of 2.5 X
107 M. Double-stranded RNA concentrations are (1) 1.0 X 107¢ M.
(2) 2.5 X 10~% M, (3) 4.2 X 10~4 M, and (4) 5.2 X 10~* M in phos-
phorus, Curve 5 is ethidium bromide alone. Solvent system 1072 M
Tris-10"2 M EDTA (pH 7.1): spectra taken in S-cm cell path at
25°,

periments was estimated to be ~1000 sec™!. Small incre-
ments (usually 5 ul) of a concentrated ethidium bromide solu-
tion were added to a 3-ml volume of ds-RNA in the viscom-
eter by means of a micropipet. Viscosities were measured
relative to standard 0.1 M sodium cacodylate (pH 7.0) buffer.
Flow times were in the range of 70-100 sec.

Thermal Denaturation. Thermal transition studies were per-
formed in a Cary 16 spectrophotometer equipped with an
electrically heated S5-position automatic sample changer
block. Cuvet temperatures were monitored by a thermistor
inserted in a blank cuvet containing buffer. Optical densities
and temperatures for each sample were recorded continuously
with a heating rate of 0.3-0.6°/min. Thesc studies were per-
formed in 0,001 M sodium cacodylate (pH 7.0) buffer.

0.20

0.25

FIGURE 2: Binding isotherms at various ionic strengths. (@) 1073 m
sodium cacodylate (pH 7.0); (O) 10~2 M sodium cacodylate (pH
7.0): (A) 10~ M sodium cacodylate (pH 7.0).
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TABLE Ii: Binding Parameters for Ethidium Bromide-ds-RNA
Complex.

Na* Kop (M71) Bap
0.001 1 X 107 0.19
0.01 8.1 x 108 0.16
0.10 4.7 X 10° 0.09

Results

Characrerization of the Mycophage ds-RNA. A detailed de-
scription of the physical characterization of the ds-RNA used
in this study will appear elsewhere (Nash er a/., 1973). The
material is essentially the same as that characterized by Buck
et al. (1971) also obtained from purified mycophage. The
ds-RNA from mycophage contains three species with very
similar migration rates when subjected to electrophoresis on
2.59 polyacrylamide gels. This composite ds-RNA has an
$20,w 0f 13.0 S and an [y} of ~13.6 dl/g. Electron micrographs
show a typical rodlike appearance with a calculated molecular
weight of ~2.0 X 108, The double-stranded character of the
RNA has been firmly established by nuclease resistance
(Buck er al., 1971), thermal melting profile, circular dichroism,
and electron microscopy (Buck er al., 1971; Nash er al.,
1973).

Spectrophotomerric  Determination of Binding Equilibria.
The results of the mixing of different amounts of RNA with a
fixed amount of ethidium bromide are shown in Figure 1. The
absorption maximum red shifts and decreases in intensity.
When all of the dye present is bound, the absorption max-
imum of the dye shifts to about 516 mu. An isosbestic point
for free and bound dye is found at 510 mu. These effects are
similar to those seen when ethidium bromide is bound to
either RNA or DNA (Bittman, 1969; LePecq and Paoletti,
1967).

Binding isotherms obtained at different Na* concentrations
are shown in Figure 2. The curvature of the isotherms indi-
cates at least two different modes of binding at each Na™ con-
centration, and that the binding parameters are ionic strength
dependent. The apparent number of binding sites and binding
constants for each Na™ concentration are summarized in
Table II. The values of K,, and B., were all obtained in the
nearly linear region of each isoth.rm at low r values.

Hydrodynamic Indications of Molecular Elongarion. The
increase in the specific viscosity ratio Y with increasing mol of
dye per mol of phosphorus (D/P) is shown in Figure 3. The
quantity Y, similar to the Y parameter used in a study of
actinomycin D binding to DNA by Miiller and Crothers
(1968), is defined as the ratio 74,%/7s,% where 7n4,% is the
specific viscosity of the ds-RNA in the presence of dye at con-
centration « and 7,,° the specific viscosity of the ds-RNA
alone. As D/P increases Y increases and starts to reach a
plateau at a D/P value of about 0.12. The total change in Yis
about 53 7.

Theoretically, the intrinsic viscosity of the complex should
be determined at each ethidium bromide concentration. This
necessitates an extrapolation to zero concentration of the
complex, keeping the composition of the complex constant,
which in practice is fairly difficult to do. Instead the approxi-
mation 75,/C = [»} was made. Figure 4 is a plot of 7.,/C vs.
C for the ds-RNA alone in 0.1 M cacodylate buffer (pH 7),
with estimated error limits. The extrapolated value of [5] is
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FIGURE 3: Viscosity ratio, Y, increase with added ethidium bromide,
The ratio of specific viscosities (¥) of the complex mixture and the
ds-RNA alone vs. added mol of ethidium bromide per mol of
phosphorus (D/P). ds-RNA concentration 1.71 X 10~3 M phos-
phorus. Buffer 0.1 M sodium cacodylate (pH 7.0).

probably somewhat low because of shear effects in the vis-
cometer.

Sedimentation and Buoyant Density. Since the specific
viscosity ratio Y increases upon binding of the dye a corre-
sponding decrease in the sedimentation coefficient ratio W
would be expected if the ds-RNA molecule is undergoing an
elongation in the complex (Miiller and Crothers, 1968). W is
defined as the ratio of the sedimentation coefficient of the dye
ds-RNA complex to the sedimentation coefficient of the ds-
RNA alone. The decrease in W as D/P increases is shown in
Figure 5. A plateau value of W is reached at about the same
D/P value as Y in the viscosity study.

With DNA a decrease in buoyant density of the dye-DNA
complex as compared to free DNA has been observed
(LePecq and Paoletti, 1967). An analogous decrease is seen
(Figure 6) in the buoyant density of the dye ds-RNA com-
plex in Cs,SO; as the value of D/P increases.

Effects of Thermal Melting. The addition of ethidium bro-
mide to ds-RNA has three effects on the thermal denaturation
profile of the nucleic acid. As shown in Figure 7, addition of
the dye increases the temperature of the midpoint of the tran-
sition, changes the transition breadth, and results in a pro-
nounced multiphasic transition profile. The changes in the
transition midpoint, AT, and the changes in the transition
breadth, AT3_ro are summarized in Table ITI. As ethidium

~
E=1
.

0--— . ‘
50 108 150 00
ve/ml

FIGURE 4: Intrinsic viscosity of P. chrysogenum ds-RNA. A plot of
Nsp/C (dl/g) vs. C (ug/ml) for P. chrysogenum ds-RNA. The point
at 180 ug/ml was weighed less heavily than those at lower concen-
trations in determining the line. Extrapolation to zero concentra-
tion gives [7] = 13.6(dl/g). Buffer 0.1 m sodium cacodylate (pH 7.0).
Temperature 20°.

0.7 T T T T 1
0 0.05 0.1 % 0.15 0.20 0.25

FIGURE 5: Sedimentation coefficient ratio, W, decrease with added
ethidium bromide. The ratio of sedimentation coefficients, W, of
the complex and the ds-RNA alone ¢s. D/P. Temperature 20°.
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FIGURE 6: Buoyant density difference of ds-RNA ethidium bromide
complex in Cs;SOy. p, the measured buoyant density in Cs,SO, is
plotted as a function of (D/P), dye to RNA phosphorus ratio.

bromide is added the midpoint of the transition increases to a
value of AT, of 26.2° ata D/P of 0.370.

Circular Dichroic Effects. Ethidium bromide exhibits no
intrinsic optical activity. However, when the dye is bound to
DNA, induced circular dichroic bands appear in the visible
spectral region (Dalgliesh er al., 1971). The same type of in-
duced CD spectrum is found when ethidium bromide is bound
to ds-RNA as seen in Figure 8. Circular dichroic bands at

TABLE 11I: Thermal Denaturation of ds-RNA in the Presence
of Ethidium Bromide.*

D/P ATy, (deg) AT 50-70 (deg)
0 0 2.8
0.037 39 7.8
0.185 19.6 5.5
0.370 26.2 3.1

% AT = temperature of midpoint of thermal transition with
added ethidium bromide relative to temperature of midpoint
of transition of RNA alone. AT3_70 = breadth of thermal
transition in °C from 30% hyperchromicity to 70%; hyper-
chromicity. Buffer system: 0.001 M sodium cacodylate
(pH 7.0).
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FIGURE 7: Effect on thermal denaturation profile of added ethidium
bromide. Curve A is the thermal transition profile of ds-RNA alone.
Curve B was obtained under the same ionic strength conditions
with the addition of 0.037 mol of ethidium bromide/mol of RNA
phosphorus.

510, 375, 330 and 315 mu are easily detected. The CD spec-
trum of the ds-RNA-dye complex also exhibits some marked
changes in the region below 310 my as shown in Figure 9. The
interpretations of these spectra are complicated by the fact
that the ds-RNA molecule itself has a strong CD spectrum in
this region. The spectrum of the ds-RNA without dye is quite
similar to that reported by Cox et al. (1971) for mycophage
RNA as well as those of other ds-RNAs such as Rice dwarf
virus RNA (RDV RNA) (Samejima et al., 1968). The band
maximum of our material is at 261 my and has a [f] of 2.9 X
10 This is significantly larger than the vdlue of 2.4 X 104 re-
ported for RDV RNA. The [6] of —2.9 X 10° for the 295-mu
trough is essentially the same as that reported for RDV RNA.,

Discussion

Three electrophoretically distinct species are present in P.
chrysogenum ds-RNA. These species could represent slightly
different molecular weights and/or conformational or com-
positional differences. However, the existence of these three
species is not readily discernible by other techniques including
gradient ultracentrifugation and electron microscopy—which
tend to indicate the existence of one homogeneous species
(Nash er al., 1973). Electron micrographs along with the
values of sy = 13.0 S and [4] = 13.6 describe a rodlike
double helix hydrodynamically similar to native DNA
(Eigner and Doty, 1965).

Actually, the P. chrysogenum ds-RNA 1is better character-
ized and more homogeneous than much of the DNA (calf
thymus) and RNA used in previous binding studies. The

400 T

310 350 400 450 560 5570
Afmy)

FIGURE 8: Visible-region-induced CD spectrum of ethidium bromide
bound to ds-RNA. 0 is the observed ellipticity for a solution with
ethidium bromide concentration of 2.68 X 10~% M. The concentra-
tion of ds-RNA is 6.32 X 10~* M in phosphorus.-Spectrum taken
at 26° in a 5-cm path-length cell; buffer 0.10 M sodium cacodylate
(pH 7.0).
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FIGURE 9: Ultraviolet CD spectrum of ds-RNA in the absence and
presence of ethidium bromide. 6 is the observed ellipticity. The
RNA concentration is 6.32 X 10~¢ M in phosphorus. Spectra are
shown in the absence (——) and the presence (@) of 2.68 X 107° M
ethidium bromide, path length 1.0 mm; 26° buffer, 0.10 M sodium
cacodylate (pH 7.0).

slight degree of heterogeneity of the ds-RNA is probably of no
importance in our binding studies except possibly in the case
of the thermal nielting experiments. The addition of ethidium
bromide to ds-RNA solutions results in a thermal transition
with a pronounced multiphasic profile. This effect could be
due to differential binding to each of the three ds-RNA
species; however, preferential binding of the dye to particular
regions in the same molecule would also lead to the observed
multiphasic transition profile. The isolation of the different
RNAs would resolve the source of these thermal profile
effects.

The shape of the Scatchard isotherms shown in Figure 2, as
well as the ionic strength dependency of the binding is, quite
similar to those found for native DNA binding of the dye.
Waring (1965a) studied T2 DNA and obtained a value for K,
of 2 X 10% in a 0.04 M Tris-HCI buffer. Although our studies
have not been performed under identical experimental con-
ditions, the range in the K,, from 4.7 x 106 t0 10 X 10°is of
comparable magnitude. The same kind of curvature is ob-
served in our Scatchard plots as reported by Waring for T2
DNA. This curvature is indicative of at least two different
modes of binding. One of these modes is strongly ionic
strength dependent and probably is an electrostatic inter-
action of the ethidium ions with the phosphate groups of the
nucleic acid backbone. Thus, the ionic strength dependence
of the binding is primarily the result of competition for the
available electrostatic binding sites. At low ionic strength
(0.001 m Nat) one drug molecule is bound per five phosphate
groups, while at higher ionic strength (0.10 M Na™), about one
dye molecule is bound per ten phosphates.

Intercalation represents another (primary) mode of binding
of ethidium bromide to DNA and results in a molecular elon-
gation. These phenomena in turn are reflected in changes in
the hydrodynamic properties of the DNA molecule. Our re-
sults with ds-RNA demonstrate the same hydrodynamic
effects: a 5397 increase in viscosity and a 15 %} decrease in sedi-
mentation coefficient. Thus, the obvious conclusion is that the
primary mode of binding of ethidium bromide to ds-RNA is
probably intercalation.

The similarity in the effect of ethidium bromide binding on
the physical properties of ds-RNA and native DNA is also re-
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flected in the Ty, and CD results. Substances which interact
with nucleic acids change both the nucleic acids’ melting pro-
file and the position of its midpoint. The T}, of calf thymus
DNA is increased some 30° in the presence of ethidium bro-
mide (LePecq and Paoletti, 1967), while the melting tempera-
ture of our ds-RNA increases by 26.2° upon the addition of
0.370 mol of dye/mol of RNA phosphorus. The increase in
transition breadth of the ds-RNA melting profile at low
values of D/P is probably a result of interaction at primary
binding sites. The subsequent decrease in transitioni breadth
at high values of D/P may reflect electrostatic binding of the
dye which would tend to decrease interphosphate repulsion
energy, stabilizing the structure and increasing the coopera-
tive nature of the transition.

The results of the circular dichroic studies again demon-
strate the similarity in the interaction of ethidium bromide
with ds-RNA and native DNA. As has been reported pre-
viously for native DNA (Dalgleish er al., 1971), the binding of
the dye to ds-RNA results in the generation of circular di-
chroic bands. Though their shapes and positions are similar,
the exact location of these bands does not appear to be the
same for ds-RNA as for native DNA. For example, the ds-
RNA-ethidium complex exhibits a band at 375 mu, while the
DNA-ethidium complex exhibits a similar band at 380 my.
However, the conditions under which the two sets of mea-
surements were made were quite different. Therefore, the CD
differences cannot, at this time, be related to differences in the
mode of interaction of the dye with the two types of nucleic
acids.

The ultraviolet region CD spectrum of the ds-RNA-dye
complex is difficult to interpret because of potential contri-
butions by both the dye and the nucleic acid. However, much
of the difference between the spectrum of the complex and that
of ds-RNA, especially in the 240- to 285-my region, can rea-
sonably be assumed to be due to the ds-RNA rather than the
dye. The ethidium bromide has an appreciable absorption
band in this region only at the longer wavelength. The 285-mu
band is red shifted upon interaction with the nucleic acid.
The overall CD changes in the 240- to 280-mu region ob-
served upon formation of the complex could therefore be re-
lated to a conformational transition that occurs in the ds-RNA
upon binding of the drug. Further studies on these CD effects
are presently being performed in this laboratory.

A direct comparison of our results with those obtained
from studies on other RNAs is not as clear as the comparison
with native DNA. Binding isotherms observed in these sys-
tems range from one with constant curvature obtained from
rRNA (Waring, 1965a) comparable to denatured DNA, to an
isotherm obtained from tRNA (Bittman, 1969) comparable to
our results with ds-RNA.

A small indication of binding was observed by Waring
(1965b) to “core RNA.”” However, with the ds-RNA analog
poly(I): poly (C), he obtained binding parameters of B,, =
0.20 and Kap, = 6.0 X 10¢ in 0.04 M Tris-HCl buffer (pH 7.9)
which are in the general range of the values of these param-
eters determined by us for ds-RNA (Table II).

We have shown that ethidium bromide interacts strongly
with ds-RNA. The evidence for this is very similar to that
used to interpret DNA binding as intercalation. The view
that the drug intercalates preferentially into double-stranded
regions of other RNAs (LePecq and Paoletti, 1969) is there-
fore a tenable if unproven hypothesis. However, the inter-
action may not be exclusively with double-stranded regions
since Kreishman er al. (1971) have recently shown intercala-
tive interaction in single-stranded ribopolymers.

ds-RNA exists in an A-like conformation in solution
(Arnott, 1971) where the base pairs are tilted relative to the
helix axis. While we believe our results support the concept of
intercalative interaction of ethidium ion with ds-RNA, some
other nonelectrostatic external binding mode affecting this
geometry may occur. An A — B transition for DNA is ac-
companied by a 329 increase in rise per residue (Arnott,
1971). If the binding of the dye should cause the molecular
geometry of the ds-RNA to become more B like than A like,
some or all of the molecular length changes could be ac-
counted for on this basis. A more certain elucidation of the ds-
RNA-dye interaction therefore awaits further studies such
as X-ray diffraction and the formulation of appropriate molec-
ular models.

In conclusion, strong similarities exist among the measured
physical properties of DNA and ds-RNA complexes with
ethidium ion in solution. The binding isotherms and the
changes in hydrodynamic properties are indicative of two
modes of dye-nucleic acid interaction. The ionic strength
dependent weaker mode probably represents electrostatic
interaction between the quaternary ammonium cation of the
dye and the ionized phosphate groups of the nucleic acid
backbone. The stronger mode leading to characteristic hy-
drodynamic changes can be interpreted as intercalation. The
parallelism observed in the effects of dye binding on the prop-
erties of both DNA and ds-RNA is both striking and strong
suggestive of intercalation. We feel, however, that this mode
of binding to ds-RNA has not yet been unambiguously estab-
lished.
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Reconstitution of 50S Ribosomal Subunits from

Protein-Free Ribonucleic Acidf

S. Fahnestock,} V. Erdmann,§ and M. Nomura*

ABSTRACT: Previous reconstitution studies on the 50S ribo-
somal subunit of Bacilius stearothermophilus used as starting
material a complex of 23S rRNA with a 50S ribosomal pro-
tein, L3. This protein can be removed from 23S RNA at pH
2.0 in the presence of 4 M urea and 0.5 M Mg?*, and active
50S subunits can then be reconstituted from the resulting pro-

Tw large ribosomal subunit from Bacillus stearothermo-
philus  can be reconstituted in vitro from dissociated
RNA and protein fractions (Nomura and Erdmann, 1970).
In previous studies we have made use of a reconstitution sys-
tem utilizing RNA and protein fractions obtained by dissocia-
tion with 4 M urea—2 M LiCl (Nomura and Erdmann, 1970;
Erdmann er al., 1971a; Fahnestock and Nomura, 1972). As
we have previously described, 23S rRNA prepared in this way
retains several proteins still bound to it (Nomura and Erd-
mann, 1970; Erdmann et al., 1971b). One of these proteins,
which we have designated L3, is present only in small amounts
in the urea—LiCl protein fraction, being found mostly in the
RNA fraction; several other proteins which are found in the
RNA fraction are present in larger amounts in the protein
fraction,

Since RNA obtained by the urea—LiCl precipitation method
(*‘urea-LiCl RNA” in this paper) retains bound protein, the
above system cannot strictly be considered a complete recon-
stitution. It is possible that the 23S RNA~L3 complex retains
some structural features of the 50S subunit which might not
be retained by the free RNA and protein. In order to deter-
mine whether the 50S ribosomal subunit can be entirely self-
assembling in cirro or whether perhaps the L3-RNA complex
retains some important assembly information which might
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tein-free 23S RNA. Thus, the 50S ribosomal subunit can be
completely self-assembling. Protein L3 is not important for
the physical assembly of the 50S subunit, but is required for
the reconstitution of active particles. Particles reconstituted
without L3 are deficient in several different ribosomal func-
tions.

result from some extraribosomal influence in vivo, it is neces-
sary to reconstitute the 50S subunit from protein-free RNA.
Here we describe the total reconstitution of the B. stearo-
thermophilus 50S subunit, together with some properties of the
protein L3,

Materials and Methods

Ribosomes were obtained from B. stearothermophilus and
washed through sucrose and 0.5 M NH,CI as described pre-
viously (Fahnestock and Nomura, 1972). Purified 50S sub-
units were obtained as described (Erdmann er /., 1971a).

A mixture of (undissociated) 50S and 30S ribosomal sub-
units was treated with 4 M urea-2 M LiCl for 36—48 hr at 0° to
obtain RNA and protein fractions (Nomura and Erdmann,
1970). The RNA fraction was freed of remaining protein by
treatment with 4 M urea—0.5 M MgAc, (pH 2.0). The RNA pel-
let obtained from the urea—LiCl treatment, after washing with
4 v area—2 M LiCl, was redissolved in 6 M urea to a concentra-
tion of 10-20 mg/ml. To this solution was added one-third
volume 2 M MgAc, which had been adjusted to pH 2.0 with
HCI. After 1 hr at 0°, the precipitated RNA was collected by
centrifugation, suspended in a buffer (TMA-II) containing
10 mwm Tris-HCI (pH 7.4), 0.3 mm MgCl,, 30 mm NH,C, and
6 mMm 2-mercaptoethanol, and dialyzed until dissolved (4 hr)
against the same buffer. The supernatant containing protein
L3 (crude L3) was dialyzed 6 hr against a buffer (TRI) com-
posed of 30 mm Tris-HCI (pH 7.4), 20 mm MgCl,, 1 M KCI,
and 6 mM 2-mercaptoethanol.

Purification of L3. Protein L3, identified by its mobility on
two-dimensional polyacrylamide gel electrophoresis (see
Figure 5), was purified from the pH 2 urea~-Mg supernatant
by chromatography on carboxymethylcellulose. Protein from
100 mg of 70S ribosomes was applied to a 3-ml column of
Whatman CM32 equilibrated with buffer A, composed of 16
ml of pyridine, 9.6 ml of formic acid (88%;), and 1 ml of 2-



